Faithful chromosome segregation relies on the ability of the spindle assembly checkpoint 15 (SAC) to delay anaphase onset until all chromosomes are attached to the mitotic spindle via 16 their kinetochores. MPS1 kinase is recruited to unattached kinetochores to initiate SAC 17 signaling, and is removed from kinetochores once stable microtubule attachments have been 18 formed to allow normal mitotic progression. Here we show that a helical fragment within the 19 kinetochore-targeting NTE module of MPS1 is required for interactions with kinetochores, 20 and also forms intramolecular interactions with its adjacent TPR domain. Bypassing this NTE-21 TPR interaction results in high MPS1 levels at kinetochores due to loss of regulatory input into 22
Genomic stability is a key feature of cellular homeostasis, and error-free chromosome 37 segregation during mitosis is crucial for maintaining it 1 . The spindle assembly checkpoint 38 (SAC) safeguards this process by prohibiting cells from separating their duplicated 39 chromosomes in anaphase until all of them are properly attached to microtubules of the 40 mitotic spindle 2,3 . The SAC is satisfied only when all chromosomes have made stable, 41 bioriented attachments, a state in which each of the two sister chromatids is attached 42 exclusively to microtubules emanating from opposing spindle poles. Any other attachment 43 conformations are sensed and destabilized by the error correction machinery 4 . 44
Unattached kinetochores elicit a SAC response by the hierarchical recruitment of SAC 45 components including the BUBs (BUB1, BUB3, BUBR1) and the MADs (MAD1, MAD2). 46
Eventually, this leads to the production of a diffusible anaphase inhibitor known as the mitotic 47 checkpoint complex (MCC) [5] [6] [7] [8] . The MCC is responsible for blocking activation of the 48 APC/C CDC20 complex whose function is to promote the transition to anaphase. SAC signaling 49 is locally silenced when microtubules form stable attachments to a kinetochore, ultimately 50 followed by full SAC satisfaction (MCC disassembly) when all chromosomes have achieved 51 stable attachments 3,9-11 . 52 We next wished to examine the functional relevance of having an NTE-TPR interaction that 134 can be regulated. We reasoned that if Aurora B activity controls MPS1 kinetochore 135 localization by regulating this interaction as suggested by our prior work 31 , then artificially 136 circumventing it should render it insensitive to Aurora B. To achieve this, we created 137 MPS1 2xNTE , a version of MPS1 that contains an additional NTE fused to its N-terminus (Fig 3a) . 138
As predicted, MPS1 2xNTE kinetochore levels were largely insensitive to inhibition of Aurora B 139 kinase activity (Fig 3b,c) . Suprisingly, however, they were roughly two times higher than those 140 of MPS1 WT , and were additionally insensitive to inhibition of MPS1 activity, in contrast to 141 MPS1 WT (Fig 3b,c) . Enhanced levels of MPS1 2xNTE on kinetochores and insensitivity to MPS1 142 inhibition could not be explained by compromised kinase activity of MPS1 2xNTE 37,52-54 , as cells 143 expressing this mutant were able to efficiently support the SAC in cells treated with 144 nocodazole and a low dose of Cpd-5 (Fig 3d) . These results indicate that the interaction 145 between the NTE and the TPR domain of MPS1 is important for the regulation of MPS1 146 kinetochore levels and that Aurora B affects them, at least in part, through the regulation of 147 that interaction . 148
149
The NTE-TPR interaction promotes MPS1 release from kinetochores 150
We next tried to understand the nature of the increased kinetochore localization of MPS1 2xNTE 151 and its insensitivity to kinase regulation. Kinetochore levels of both MPS1 WT and MPS1 2xNTE in 152 cells treated with nocodazole were diminished upon knockdown of endogenous HEC1 by 153 siRNA, confirming that MPS1 2xNTE kinetochore binding is dependent on the NDC80-C (Fig  154   S4a,b) . To examine whether the elevated kinetochore levels of MPS1 2xNTE are a result of a higher binding affinity between MPS1 and HEC1, we purified full-length recombinant MPS1 156 variants from insect cells and titrated them to a fixed concentration of NDC80-C Bonsai 55 in 157 microscale thermophoresis (MST) experiments. MPS1 WT binding to NDC80-C Bonsai fit a model 158 consistent with a single binding event with a Kd of ~300 nM (Fig 3e, left panel) . The binding of 159 MPS1 2xNTE to NDC80-C Bonsai , however, is best described by a model with two binding events: 160 one with a Kd of ~400 nM and one of ~5 nM (Fig 3e, right panel) . Similar results were obtained 161 when using shorter versions of MPS1 (1-377) (Fig S5a) . The appearance of the higher affinity 162 binding event is likely due to the added, unregulated NTE module. 163
We next performed FRAP analysis of fluorescent MPS1 variants at single kinetochore pairs of 164 cells that were arrested in nocodazole to determine if differences in residence times 165 contribute to the differences in kinetochore levels. We did so in the presence of MPS1 166 inhibitor (Cpd-5) to exclude activity-related effects on its residence time 37 . Consistent with 167 the presence of a higher affinity binding site on MPS1 2xNTE for the NDC80-C, MPS1 2xNTE 168 displayed reduced turnover on kinetochores compared to MPS1 WT with best-fit recovery 169 halftimes at 2.56 sec and 1.93 sec respectively (95% confidence intervals of halftime: WT 1.65-170 2.34 sec vs 2xNTE 2.19-3.0 sec) (Fig 3f) . 171
To determine the contribution of each NTE to kinetochore binding, we first introduced the 172 N18P mutation to disrupt the helical fragments present in both NTEs (MPS1 NTE1&2mut ) (Fig 3a) . 173
This severely compromised the ability of MPS1 to localize to kinetochores (Fig 3g,h) . Strikingly, 174 whereas mutation of only the TPR-proximal NTE (MPS1 NTE2mut) left localization of MPS1 largely 175 unaffected, mutation of the apical NTE (MPS1 NTE1mut ) strongly reduced localization to levels 176 similar to MPS1 NTE1&2mut. (Fig 3g,h) . This observation argues that the increased levels of 177 MPS1 2xNTE on kinetochores as well as the higher binding affinity in the MST experiments are 178 mediated predominantly by the apical N-terminal NTE. Our data show that bypassing the NTE-TPR interaction removes kinase regulatory input into MPS1 localization and creates a higher 180 affinity binding site for the NDC80-C which in turn leads to higher residence time of MPS1 on 181 kinetochores. 182 183
Bypassing the NTE-TPR interaction causes SAC silencing defects 184
Removal of active MPS1 from kinetochores is a crucial step for silencing the SAC in metaphase 185 32, 33, 37 . Since kinetochore release of MPS1 2xNTE is compromised, we next examined whether 186 removal of MPS1 from metaphase kinetochores was affected, by arresting cells with the 187 proteasome inhibitor MG132. In contrast to MPS1 WT , MPS1 2xNTE displayed significant 188 retention on metaphase kinetochores, at levels approximately half of those observed in 189 nocodazole-treated cells expressing the mutant (Fig 4a,b) . Time-lapse imaging of cells going 190 through a round of unperturbed mitosis revealed that MPS1 retention on metaphase 191 kinetochores was accompanied by a mitotic arrest. Whereas around 95% of MPS1 expressing cells exited mitosis within 80 minutes from nuclear envelope breakdown (NEB), 193 only 40% of MPS1 2xNTE -expressing cells managed to complete mitosis even within 400 minutes 194 (Fig 4c) . The arrest was dependent on MPS1 activity (Fig 4c) and, consistently, was marked by 195 elevated levels of KNL1-pT180, MAD1 and BUB1 on metaphase kinetochores. Of note, while 196 KNL1-pT180 and BUB1 were present at roughly 70% of the levels observed in nocodazole-197 treated cells, MAD1 was retained at only 15% (Fig 4d,e, S6a,b) . 198
We next examined whether weakened microtubule attachments due to the presence 199 of elevated MPS1 2xNTE on metaphase kinetochores contributed to the mitotic arrest of the 200 cells expressing this variant. Interestingly, kinetochore-microtubule attachments were 201 unaffected, as indicated by four observations. First, the time from NEB to metaphase was 202 indistinguishable between cells expressing MPS1 WT and MPS1 2xNTE (Fig 5a,b) . Second, the time 203 from metaphase to cohesion loss by cohesion fatigue 56 in MG132-treated cells was likewise 204 similar (Fig 5c) . Third, total levels of cold-stable tubulin of the mitotic spindle as well as 205 individual k-fiber intensities were not substantially altered between cells expressing the two 206 MPS1 variants ( Fig. 5d ,e,f) and no obvious correlation existed between the level of MPS1 2xNTE 207 on single kinetochores and the k-fiber intensity (Fig S6c) . Lastly, the levels of astrin, a marker 208 of stable end-on attachments 57 , were not reduced on metaphase kinetochores of cells 209 expressing MPS1 2xNTE , even though MPS1 2xNTE was still present there at high levels (Fig 5g,h) . 210
Taken together, these data show that bypassing the NTE-TPR interaction compromises the 211 ability to silence the SAC by affecting the efficiency of MPS1 delocalization in metaphase 212 without affecting microtubule attachments. 213
214

DISCUSSION 215
With this work, we uncover a short helical fragment in the NTE of MPS1, that is important for 216 interaction with its kinetochore receptor. We also report a direct electrostatically-mediated 217 interaction between the TPR domain and the NTE of MPS1. An MPS1 version designed to 218 bypass this interaction is no longer regulated by Aurora B or itself, and is inefficiently 219 delocalized by microtubules in metaphase. A recent study using chemical crosslinking on 220 recombinant MPS1 showed that crosslinks can be detected between the NTE and TPR, 221 confirming that the modules interact in full-length MPS1 58 . We envision a model in which the 222 NTE and TPR transiently interact, preventing efficient binding of MPS1 to kinetochores. The 223 NTE-TPR interaction is diminished by Aurora B activity via unknown mechanisms, thereby 224 enhancing affinity of MPS1 for kinetochores ( Fig S7a) . Once on kinetochores, the ability of the 225 two modules to interact promotes MPS1 release and enables SAC silencing upon the 226 formation of stable kinetochore-microtubule attachments (Fig S7b) . The apical NTE which we 227 added in MPS1 2xNTE is likely not able to interact with the TPR and is thus always available for 228 interaction with kinetochores, leaving the Aurora B input mute. At the same time, the inability 229 of this extra NTE to interact with TPR reduces MPS1's release from kinetochores and 230 decreases sensitivity to displacement by microtubules. Of note: since deletion of only the TPR 231 domain reduces MPS1 levels at kinetochores 31 , this domain has an important contribution in 232 addition to regulation of the NTE, possibly in initial recruitment of the protein. It will be 233 important to define this contribution as well as the mechanisms by which MPS1 is regulated 234 by both MPS1 itself and Aurora B. 235
The metaphase delay observed in MPS1 2xNTE -expressing cells is very similar to 236 previously tested conditions in which MPS1 was tethered to kinetochores via fusion to the 237 MIS12 protein 37 . Consistently, both situations display elevated levels at kinetochores of SAC 238 components downstream of MPS1 activity. Interestingly, however, MPS1 2xNTE appears to 239 promote KNL1-MELT phosphorylation and BUB1 recruitment more efficiently than MAD1 240 recruitment (Fig 4d,e, S6a,b ). In addition, although MAD1 kinetochore levels were low on 241 average in MPS1 2xNTE metaphase cells, they were quite variable between kinetochores, 242 implying that only a subset of kinetochores were proficient in generating a strong enough SAC 243 response. MPS1 2xNTE may thus expose conditions in which the balance between SAC activating 244 and silencing mechanisms (kinase, phosphatase and dynein) is near a tipping point. As such, 245 MPS1 2xNTE may be a useful tool to examine which SAC silencing events are most senstitive to 246 reductions in MPS1 and how. 247 Previous work showed that microtubules inhibit binding of two regions of MPS1 to 248 two NDC80-C components: a short MR region interacting with NUF2 and the NTE-TPR region 249 interacting with HEC1, the latter in an at least partly non-competitive manner 32, 33 . In support 250 of this, the MPS1 2xNTE variant, which is insensitive to the two most prominent regulators of 251 MPS1-NDC80-C interactions (Aurora B and MPS1), was substantially displaced upon 252 microtubule attachments. Surprisingly, however, it didn't reach the basal levels observed in 253 MPS1 WT but was maintained significantly on metaphase kinetochores without noticable 254 effects on microtubule occupancies. This implies that microtubules indeed do not only inhibit 255 MPS1 kinetochore localization through direct disocciation of NTE and NDC80-C but may 256 additionally promote NTE-TPR interactions, for example by the kinetochore enrichment of 257 phosphatases which could promote their actions on the NTE 32 . 258
The work presented in this study sheds new light on the complex relationship between 259 MPS1, kinetochores and microtubules and reveals that regulated intramolecular interactions 260 in MPS1 act alongside the microtubule competition to efficiently displace MPS1 from 261 kinetochores. This novel layer of regulation is, therefore, important in ensuring smooth 262 mitotic progression and in enabling SAC silencing once stable end-on microtubule 263 attachments have been formed. 264
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282
A single colony was inoculated into 5 mL Lysogeny broth (LB) medium supplemented with 30 μg mL -1 kanamycin 283 at 37 °C for 3 hours. 50 μL of the pre-culture was transferred into 50 mL of minimal medium and grown at 37 °C 284 overnight. 10 mL of the pre-culture was then transferred into 1 L of minimal medium and grown at 37 °C until 285 OD600 reached ~0.6. Gene expression was induced with 0.5 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) 286 and the cultures were allowed to grow at 22 °C for 18 hours. Cells were harvested by centrifugation and 287 resuspended in 20 mM KPi, pH 7.5, 1 mM TCEP (buffer A) supplemented with 300 mM KCl, 10 mM imidazole, 288 and 1 mM DNase. Samples were stored at -20 °C before proceeding to purification. The resuspended cells were 289 defrosted at room temperature. The sample was lysed by sonication at 50% amplitude for three minutes with 
303
For the proteins used in the MST experiments, The 1xNTE (WT) and 2xNTE MPS1 constructs (residues 1-304 377 and 1-808) were cloned into the pFastBac-HT B vector for insect cell expression. Recombinant baculovirus 305 was generated following the manufacturer's instructions (Invitrogen). Spodoptera frugiperda (Sf9) insect cells 306 were infected with the baculovirus and allowed to grow for 72 hours at 27 °C. Cells were harvested by 307 centrifugation and re-suspended in 50 mL of buffer A supplemented with 150 mM KCl and 10 mM imidazole and 308 one tablet of Pierce™ Protease Inhibitor Tablets EDTA-free (Thermo Fisher Scientific). Samples were stored at -309 20°C before proceeding to purification. The re-suspended cells were lysed by sonication for one minute at 50% 310 amplitude in a Qsonica Sonicator Q700 (Fisher Scientific). Following centrifugation at 21,000 g for 20 minutes at 10  20  30  40  50  MESEDLSGRE LTIDSIMNKV RDIKNKFKNE DLTDELSLNK ISADTTDNSG  60  70  80  90  100  TVNQIMMMAN NPEDWLSLLL KLEKNSVPLS DALLNKLIGR YSQAIEALPP  110  120  130  140  150  DKYGQNESFA RIQVRFAELK AIQEPDDARD YFQMARANCK KFAFVHISFA  160  170  180  190  200  QFELSQGNVK KSKQLLQKAV ERGAVPLEML EIALRNLNLQ KKQLLSEEEK  210  220  230 and quantification (e) of the kinetochore levels of the indicated proteins in nocodazole-or MG132-treated HeLa Flp-In cells transfected with MPS1 siRNA and expressing the indicated LAP-MPS1 variants. The graph displays the mean kinetochore intensity (±s.d.) normalized to the levels of each protein in prometaphase MPS1 WT -expressing cells. For each protein examined, cells were pooled from three independent experiments and each dot represents one cell. Asterisks indicate significance (studen's t test between the different cell lines for each protein and condition). Representative images (g) and quantification (h) of the kinetochore levels of astrin in MG132-treated HeLa Flp-In cells transfected with MPS1 siRNA and expressing the indicated LAP-MPS1 variants. The graph displays the mean kinetochore intensity (±s.d.) normalized to the levels of astrin in MPS1 WT -expressing cells. Cells were pooled from two independent experiments and each dot represents one cell. Student's t test was performed to determine significant changes. 
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Assigned residues Unassigned residues a Figure S1, Pachis et al normalized to the levels of KNL1-pT180 in prometaphase MPS1 WT -expressing cells. Cells were pooled from three independent experiments and each dot represents one cell. Asterisks indicate significance (student's t test was performed between the cell lines in each condition). (c) Correlation plot of the kinetochore levels of LAP-MPS1 with k-fiber intensity on individual kinetochores, from HeLa Flp-In cells transfected with MPS1 siRNA and expressing the indicated LAP-MPS1 variants. LAP-MPS1 kinetochore levels were normalized to the levels of MPS1 WT . Each dot represents one kinetochore and measurements were pooled from three independent expriments. Figure S7 . Model for regulation of kinetochore localization of MPS1 via an NTE-TPR interaction. In MPS1 WT the NTE and TPR transiently interact, preventing efficient binding of MPS1 to kinetochores. The NTE-TPR interaction is diminished by Aurora B acitivity, allowing MPS1 to bind kinetochores (a). Once on kinetochores, the ability of the two modules to interact promotes MPS1 release and enables SAC silencing to occur upon the formation of stable kinetochore-microtubule attachments (b).
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